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THE ROLLING FRICTION OF SEVERAL AIRPLANE WHEELS AND TIRES AND THE
EFFECT OF ROLLING FRICTION ON TAKE-OFF

By J. W. WmMORE

SUMMARY

Teats were made to determine th rolling fi%%on oj
airphzne wheek and tires under variiw condiiiww of
wlwel loading, tire in@&iOnpr.mwre, and ground surface.
The effect of wheel-bearing type was also investigated.
Sk pairs of wheeh and twes were te9ted in.c.ludingtwo
8izes of each of the typtx okx-ignaiedm standard (high
pressure), low pressure, and .ezira low pressure. The
rCSUti8Of CdCUhtiOnS inttdd fO 8hOW h @Zt Of VWiU-

tbns in rol.lingj-iction on take-of are a180prawnted.
The valua of roUing+icti5n coejWeni obtwimxion a

concrete runway varid from 0.009 to 0.0%5; onjtrm tunf,
from 0.0.99 to 0.064; and on muderakly soft turf, where
only ib high-pressure twes were ttxted, from 0.064 to
0.077. Of the varia.bltxinvestigaM, the grmmd-wmface
condition was themostimportani in its e~ect on theroiling-
fridion coejic%nt. For comparable conditti, both on
a conmte surfaa and on jirm turf, the standard whe+ds
and tires o$ered tha lea8t rtitance to rolling. Slighily
high valua were obtain+xiwith the .Lw+prwre wheek
and tires, and the atra low-premwe type gave the highest
values. The variation in ro.?-hh.g-frictioncoej$i%mtwiih
wheel loading and injlation presmre w genmz.lly quite
small. The Vdwe of Touing-friction Coej%ienlJlr Wh.+%ds
egwippcdwith plain beuringsm appr&ly greder than
that for the same wheek provided with roller bearings.
The e$ect on take-oj of all the m.riables,with the exception
of ground-ourface condi.twnjwas suj%iem!ly d to be
neglected in rough cdculuiion.s of take-of performance
but should be canwkkredin more accuratework.

INTRODUCTION

In many cases when comparisons have been made
between measured rmd calculated values of the ground-
run distance in the tak+off of an airplane, the results
have shown considerable disagreement. A part of the
discrepancy can be attributed to the inadequacy of
available information concerning the forcw and condi-
tions existing during the take-off. An investigation of
the rolling friction of airplane wheek and tires, one of
the uncertain factors, was undertaken as a step toward
augmenting this information and hence toward im-
proving the reliability of the prediction of take-off
performance.

The measurement of the rolling friction was accom-
plished by recording the pull between B towing vehicle
and a loaded trailer equipped with the wheels and tires
to be tested. The resistance thus measured included, of
course, that due to the wheel bearings as well as that
of the tires.

The tires and wheels tested included two sizes of each
of the types generally clasdied as standard (high pres-
sure), low- presswre, and extra low pressure. The tests
were run at various speeds under several conditions of
wheel loading and tire inflation pressure. The ground-
surface conditions inveatignted were concrete, firm
turf, and SOft turf.

As an indication of the probable effect on take-off
of the d.iilerences in rolling friction occasioned by the
various conditions, cilcuIations were made of the
distances required to leave the ground for two hypo-
thetical airplanes of di.fbrent loading characteristics;
for each case several values of rolling-friction coeffi-
cient, covering the range determined by the tests, were
aesnmed.

APPARATUS AND METHODS

The trailer used in the tests (fig. 1) was a %vhecl
carriage with provision for interchanging stub axles
to accommodate the various wheels. It was capable
of camying up to 3,000 pounds of load in the form of
200-pound lead weights, which, with the weight of the
carriage itself, provided a maximum load on the wheels
of 3,5oO pounds. The carriage was equipped with
airplane-type hydraulic shock absorbem to simulate
an airplane landing chassis. The axles were so mranged
that there was no toe-in of the wheels. A light truck
was used as the towing vehicle.

The pull between the truck and the trailer was mess-”
nred with a dynamometer consisting essentially of a
helical spring, the deflection of which, proportional
to the force, was recorded by a standard N. A. C. A.
instrument of the type ordinarily used to record the
position of airplane controls in flight. “ The force was
transmitted from the trailer drawbar to the spring
through a cylindrical shaft running in ball-bearing
guides that confined the motion of the shaft to an axial
direction. All these components were mounted in a
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heavy frame to form a unit which, in turn, was bolted
to the bed of the truck.

A standard N. A. C. A. recording inclinometer was
mounted on the trailer to determine the horizontal
acceleration. A timer was used to synchronize the
records of the two recording instruments and also, in
conjunction with an electrical-contact mechanism on
the front wheel of the truck, to provide a means of
evaluating test speeds.

Sketches of the wheels and tires used in the tests are
shown in figure 2. The wheels and tires tested included
three types: Extra low preswre or airwheele, low pres-
sure, and standard or high pressure. Two sizes of
each type were tested. The sizes of extra low pressure
tires tested were 22X 104 and 30X 13-6; the recom-
mended tire inflation pressure for both sizes was 12.5
pounds per square inch. The recommended inflation
pressure was 20 pounds per square inch for the two
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Each pair of wheels and tires was tested under three
loads with the tires inflated to the recommended pres-
sure. The heaviest load in each case was determined
either by the recanmended m~tium static load for
the tires or by the capacity of the trailer; the other
loads were chosen arbitrm”ly to provide a convenient
range.

With 94o pounds per wheel, a load common to all
the test series, the rolling-friction measurements were
made at two inflation presarea below and in addition
to the recommended value, the lowest pressure being
about 50 or 60 percent of the recommended pressure.
The 26X5 tires were run only at recommended inflat-
ion prewure.

AU the forego~~ conditions were covered in tests on
rLconcretm runway designed for airplane operations, the
surface of which had been stied to improve its
tractional qualities. Teats were likewise run for all
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sizes of low-pressure tire+-+7.50-10 and 8.60-10. The
reccmunended inflation pressure for the 26X 5 standard
tire was 50 pounds per square inch; for the 36X8
size the recommended pressure was 60 pounds per
square inch. All the tires had smooth treads except
the 26X 5 size, which had a nonskid tread. Static
loaddeflection curves for all the tires are shown in
figure 3.

The bearings of all the standard and extra low-pree-
sure wheels were of the plain type, i. e., bronze bushings
grooved for lubrication and running on steel journals.
Both sizes of the low-pressure wheels were equipped
with antifriction roller bearings. The tests of the
8.50-10 Iow-prcsswre wheels and tires, however, were
repeated for two loads with the roller bearings replaced
by plain bearings in order to provide an indication of
the effect of bearing type.

conditions on a turf surface of probably average smooth-
ness, having a clay topsoil and covered with fairly thick
grass about 6 or 8 inches in height. Most of the tests
were made when the surface was very dry and iirm,
probably representative of the best field condition likely
to be encountered. For the tests with varying load on
the 26X5 and 36X8 standard wheels and tires, how-
ever, the surface was wet and moderately soft so that
the truck tires left tracks between one-half and 1 inch
in depth, representing fairly unfavorable con&ions for
normal operation but by no means the worst possible.

The measurements of rolling friction were made for
each condition according to the follow@ procedure:
3- or 4-second records were taken at several speeds
between 5 and 45 mike per hour on the concrete sur-
face or between 5 and 30 miles per hour on the turf
surface, with the speed held as nearly constant as poe-
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sible during each run. The value of the mean gross
pull Pm between the truck and trailar was determined
from the record of dynamometer spring deflection.

Because it was imposible to maintain the speed dur-
ing the runs suiiiciently steady to preclude relatively
large errors due to the inertia force of the trailer, the
recmdmg inclinometer was used to provide a correction
for this force. Before and after each series of runs,
several records were taken of the inclinometer angle
with the truck and trailer standing on a fairly level
surface and herding in various directions so that the
average of the readings provided a reference angle 00,
the rmgle for no horizontal acceleration. Then the dif.
ference between this value and the mean angle t9mre-
corded during a run defhed the meam direction of the
resultant force actirg on the inclinometer pendulum
relative to the direction of the grmi@- component, or

O=—oo=tan-l :

where amis the mean acceleration in the direction of
travel. The mean inertia force P* ma then deter-
mined from the relation

P,=w tan (0.–00)

where ~ is the weight of the loaded trailer.
Owing to the deflection of the truck springs resulting

from the drag of the trailer, the attitude angle of the
traile~hence of the inclinometer base-while rwming
diflered sui3iciently from the static reference angle to
cause an appreciable error in the acceleration as deter-
mined by the foregoing method. Moreover, a similar
effect was caused at higher speeds by a reduction in the
deflection of the trailer tires due to centrifugal force.
The necessary corrections were found by mounting a
second inclinometer between the truck rides where it
was not subjected to the described effects and compai-
ing the records of the two instruments for a sticient
number of runs under various conditions to establish a
relationship between the correction and the influencing
factors. The correction angle O.was then the d.ii7erence
between the mean angles recorded by the inclinometer
on the truck and the inclinometer on the trailer, and
the corrected inertia force became

P.=w tan (0.+0.–00)

The air resistance D of the trailer was determined as
the difference between the over-all resistance measured
with the trailer covered by a hood and that with the
trailer uncovered. The hood consisted of a fabric-
covered framework completely enclosing the trailer
but entirely free of any mechamicd connection with it,
being supported by direct connection with the truck
and running on skids. The air drag was measured in

this mmner at several speeds within the range covered
by the tests.

The rolling friction or resistance R was evaluated
from the tegt resa.dts according to the relation .

R=P.–W tan (L9m+Oa-Oo)-ti.

Then the rolling-friction coefficient, the form in which
the results are presented, is

R~=—
w

PRECISION

The mean gross force was measured by the dynamom-
eter to within +1 pound for individual runs. Tho
mean acceleration was determined from the inclinom-
eter records to within &0.06 foot per second per
second. From this the inertia force is correct to
within +2 pounds for tlm lightest load and within
+-6 pounds for the heaviest load. Inasmuch as each
of the values presented in the table and the figures was
averaged tim the results of 18 runs, all but small
consistent errors are largely eliminated.

In the case of the tests run on the turf surface, there is
a possibility of some lack of uniformity in the condition
of the surface between the different series of tests,
which was not indicated by its appearance and might
introduce an error into the effects attributed to the
applied variables. Likewise, inasmuch as the plain
bmrings used in airplane wheels are of the imperfectly
lubricated type and hence of somewhat uncertain
frictiomil characteristics, it is possible that them was
some diihrence in bearing friction between the sevmnl
wheels equipped with plain bearings so that the differ-
ences observed between the over-all friction coefficients
of the wheek and tires for similar conditions may not
be due solely to tire size and type. These effects me
believed, however, to be too small to invalidate the
mmparisons and conclusions drawn from the results
of the tests.

RESULTS-

The values of rolling-friction coefficient for all the
xmditions covered in the tests are presented in table I.
Figures 4 and 6 give the results obtained on the con-
:rete runway for all the wheels and tires, Figure 4
ihows the effect of wheel load on the rolling-friotion
coefficient and also the dii7erence between the coeffi-
cients with plain and roller bearings as detemnined on
be 8.50-10 low-pressure tires. . Figure 5 shows the
mriation of rolling-friction coefficient with tire infla-
iion pressure for all but the 26X 5 tires The coeffi-
cients measured on the turf surface are plotted in
igures 6 and 7. Figure 6 shows the variation of the
coefficient with wheel load. For the tests of tlm
%andsrd-type wheels and tires, i, e., the 26X 5 and
16X8, the surface was wet rmd fairly soft, whereas for
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all the other tires the surface was dry and fkm. k
figure 7 is shown the variation of rolling-friction coeffi-
cient with inflation preswre for all thw except the
26X5 size, the surface being dry and firm in all cases.

As explained before, for each test condition a series
of runs was made at d.Merent speeds with the intention
of determining, if possible, the effect of speed on the
rolling-fiktion coefficient. It is probable, however,
that the heat generated by the friction caused a con-
siderable rise in temperature in the tirm during a series
of runs which, according to the data of reference 1,
would result in an appreciable reduction in the rolling
friction. Since the runs were made with consecutive
increments of speed, the effect of speed would thus be
obscured by the temperature effect. The results of the
present tests, therefore, do not provide a true indication
of the effect of speed and are not so presented. Consid-
eration of these results and of the data presented in
reference 1, however, indicates that the effect of speed
is probably slight in any case.

Each value of the rolling-friction coefficient given
in the table and figures is the average of the several
runs made at various speeds and with varying tire
temperature, as previously mentioned. The average
tire temperature was probably very nearly the same for
all conditions with all tires except for those of the
standard type. Tests of the standmd tires were made
in generally cooler weather and, consequently, the
values of rolling-friction coefficient are possibly slightly
higher relative to the values for the other tires than
would be the case had the temperature conditions been
comparable. The speed range for the t=ts on the
concrete runway was from 5 to 45 miles per hour,
whereas on the turf surface the range was from 5 to
30 miles per hour. The two groups of tests, never-
theless, are sut%ciently comparable in view of the
probable small effect of speed.

The results of the take-off calculations me shown
in fi=me S. Values of the take-off .gound run were
calculated for two hypothetical airphmes, one of
moderate loading and the other of high loading. Sev-
eral value9 of rolling-friction coefficient covering the
range encountered in the tests were assumed for each
case. Figure S shows the increase in ground run for
given rolling-fiction coefficients m a percentage of
the distance required with no friction plotted againat
the corresponding coefficients.

DISCUSSION

Rolling-friction coefficients,-on the concrete run-
wa,y the rolling-friction coefficients obtained ranged
from 0.009 to 0.035. The coefficients increased some-
what with increas@ load for all wheels and tires,
the variation being approximately linear and of similar
maggtude for all cases. Likewise, the coefficients
increased almost I.inemly with decreasing inflation
pressure, although in this case there were appreciable
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diihrences in the magnitude of the variation for the
different tire%

The effect of replacing the roller bearings in the
8.50-10 wheels with plain bearings ma to increase
the over-all rolling-friction coefficient by about 0.007,
the incrense being sensibly independent of load and
representing more than 50 percent of the original values,

Of the three types of wheels and tires tested, the
extra low-pressure type gave the highest values of
rolling-friction coefficient and the low-pressure type
with roller bearings provided the lowed valuea. The
ccmflicients for the standard wheels and tires wore
d.ightly higher than those for the low-pressure type.
Increasing the values for the low-pressure tires by
the difference in coefficients observed between the
valuw for the plain and roller bearings in ordm to
]btain a fairer comparison would, however, raise the
values for these tires somewhat above those for the
+mdard tires. For different sizes of wheels and tirca
]f a given type, the remllts do not show any consistent
:elation between tire size and rolling-friction coefficient.

For the tests on the turf surface, there were, of
:onrse, factors contributing to the over-all resistance
fiat were not present on the smooth hard surface, such
is the energy loss incurred by depressing the grass and
m%.h and also the energy loss to the shock absorbera
md tires associated with the unevenness or roughness
]f the surface.

In general, the vah.w of rolling-friction coefficient
ierived from the teds on the firm turf surface averaged
~bout twice those obtained on the concrete runway for
corresponding conditions, the range of coefEicient5
!onnd being from 0.023 to 0.054. The coe5cients

. .
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deoreased slightly with increasing load for the low-
preasure wheels and tires and for the 30 X13-6 extra
low-pressure wheels and tire-s. The 22X 10-4 extra.
low-pressure size showed a considerably greater wria-
tion in the same sense. The effect of varying load was
not determined for the standmd-@e wheels and tires
on the firm turf surface.

Decreasing the inflation pressure resulted in a small
reduction in the friction coefficient in the case of the
stcmdmd and low-pressure tires. The valuea for the
30X 13-6 tires appeared to be very nearly independent
of inflation pressure, whereas the 22 X10-4 tires
shovwd a fairly large increase in the coeilicient with
decreasing inflation pressure.

The difTerent types of wheels and tires were in the
snme order of merit, as regards rolling- fkiction coeff-
icient, for the firm turf condition as for the concrete run-
way. In general, the larger tires of each type offered
greater resistrmee to rolling than the smaller size for
comparable conditions.

Only the 26X6 and the 36X8 standard-type wheels
rmd tires were tested on the soft turf surface and these
only for various loading conditions. The values for
this condition were about twice those obtained with the
36X8 wheels and tires on the firm turf surface and
wore of approximately the same general magnitude for
both sets of tires, the coefficients ranging from 0.064
to 0.077. The larger size showed decreasing rolling-
friction coefficients with increasing load whereas the
vrdues for the smaller tires increased slightly with
incrmsing load.

Effeots on take-off,+%me indication of the effects
on the take-off ground run that would result from the
differences observed in the rolling-friction coefficients
corresponding to the various conditions may readily
be obtained by cross reference between figure 8 and
figures 4 through 7. It maybe seen from figure 8 that
the effect of rolling fiction on the take-off will be much
greater for a heavily loaded airplane than for one of
moderate loading even when considered, as in the figure,
on a percentage basis. “For convenience, only the heavily
loaded airplane will be considered in this discus&on.

Obviously the ground-surface condition is the vari-
able having the greatest effect on the rolling-friction
eoeilicient, and hence on the take-off distance. The
distance required to take off on the firm turf would
overage about 9 percent longer than on the conorete

runway, while on the soft turf surface it might be as
much as 35 percent longer.

The variation in rolling-friction coefficient on the
concrete snrfaee between the highest and lowest loads “
tested would result in a di.iTerence of only 1 or 2 percent
in the take-off distama On the turf surface9, the effect
of varying load on. the take-off would likewise be very
~mall in most cases although, for the 36X8 tihes on
the soft turf surface, the va~ation in friction ooefiicient
with load is sufficient to cause about 11 percent dMer-
ence in take-off distance. Inasznuoh as the load on the
wheels of an airplane is continually decreasing during the
take-off ground run, the rolling-friction coefEcient will
likewise be changing. h most cases, however, this
variation can be n@ected in take-off calculations
without serious error or oan be allowed for satisfactorily
in any case by assuming a constant value of rolling-
friction coefficient corresponding to the load inter-
mediate between the static load and the load at the
end of the run prior to the pull-off.

The effect on the take-off of moderate differences in
the inflation pressure of a given set of tires would
obviously be very small in most oases, probably resulk
ing in a difference of only 1 or 2 percent for as much
as 35 or 40 percent underinflation. I?or the cams show-
ing an unusmdly large variation of friction coefficient
with inflation preswre, the effect might be as high as 6
perceDt.

Under similar conditions on the concrete runway the

take-off distance that would be required with the extra

low-pressure tires would be between 4 and 6 pereent

longer than that with the standard tires. For the

Iowpreasure tires equipped tith roller bearings, the

take-off distancea would be slightly less than tith the

standard tires, within 2 percent, and With plain bear-

ings about 1 peroent greater. The same conclusions

apply approximately to the firm turf oondition.

In tiew of the genersly small effect on take-off of

all the variablea with the exception of the ground-surface

condition, the assumption of an average rolling-friction

coefficient corresponding to a given surface condition

should be satisfactory for ordinary routine calculations.

Where the greatest possible accw.racy is desired in cal-

culating take-off performance, the other facto~—type “

and size of the wheels and tires, wheel load, inflation
pressure, and wheel-bearing type-should also be con-
sidered.
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I
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the soft turf, where onlY the high-pressure ti& Were ‘

tested, from 0.064 to 0.077.
2. The most important factor affecting the rolling-

friction coefficient was the character of the ground
surface. .’

3. For comparable conditions, either on a concrete
runway or on firm turf, the standard-type wheels and
tires had the lowest values of rolling-friction coefficient;
the values for the low-pr=ure tires were only slightly
higher. The highest coefficients were obtained with
the extra low-pressure wheels and tires.

4. In general, the variation i-n rolling-fiction coeffi-
cient with either wheel load or tire inflation pressure
Waafairly small.

5. The rolling-friction coefficient was appreciably
greater for wheels equipped with plain bearings than
for the same wheels hrwi.ng roller bearings.

6. The effect on take-off of all the variablea, with the
exception of the ground-surface condition, wasgenemdly
quite small; so that, for ordinary calculations of take-
off performance, the assumption of an average vahe of
rolling-friction coefficient corresponding to a given

ground-surface condition would probably be satis-
ilctor-y. Where greater accuracy ~ desired, however,
the other factom, although of less consequence, should
nevertheless be considered.
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